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Nomenclature

Roman

A Constant of the viscous sublayer fit -- = A(y + Ay) + B(y + Ay) 4
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C Log law of the wall constant -- U = I ln(y/) + C

Cf Skin friction coefficient

Cfo Skin friction coefficient for zero high free-stream turbulence

d Diameter of turbulence generator jet-holes, or diameter of the LDV
measurement volume, or diameter of generator rod (used on Figure
3.88)

E~u One dimensional longitudinal velocity spectra

f(r) Autocorrelation function

Gii Spectral data

H Shape factor

L Dissipation length parameter (based on the turbulent kinetic
energy)

Lu Dissipation length parameter (based on isotropic turbulence)

Luu Integral length scale

m Mass flow rate

Q Volumetric flow rate

Re0  Momentum thickness Reynolds number

Rex Taylor scale Reynolds number

Ruu Autocorrelation coefficient
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r Spacing of f(r) - (time delay times local velocity)

1/S Shear stress parameter

TI Turbulence intensity

TKE Turbulent kinetic energy

Tuu Integral time scale

U, V, W Mean velocities in x, y, z directions, respectively

u',v',w' Velocity fluctuations in x, y, z directions, respectively

2 2 2Renlssrssu ', 'w Reynolds kinematic normal stresses

- uv,-uw,-vw Reynolds kinematic shear stresses

U+ Non-dimensional mean velocity normalized by U,

Ue Edge velocity

Uref Reference free-stream velocity

U, Skin friction velocity

Vq Transport of kinetic energy

X Stream-wise direction in tunnel coordinates

Y Vertical direction in tunnel coordinates

+y +Non-dimensional distance from the wall, yU,/v

Yshift Wall location refinement

z Span-wise direction in tunnel coordinates

Greek

Hancock-Bradshaw parameter

65 Boundary layer thickness

vii



899.5 Boundary layer thickness where U/Umax = 0.995

8* Displacement thickness

Dissipation rate

F Gamma function
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K
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X-i Eigenvalue

rl Kolmogorov length scale and invariant of Lumley's triangle (y-
axis)

Invariant of Lumley's triangle (x-axis)

0 Momentum thickness

T Time delay

v Kinematic viscosity

Abbreviations

CompLDV Comprehensive Laser Doppler Velocimetry

HFST High Free-Stream Turbulence

LDV Laser Doppler Velocimetry

TKE Turbulent Kinetic Energy
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Chapter 1 Introduction

1.1 Motivation for the present study

Despite of the numerous efforts and experimental studies undertaken in the past decades,
the influence of high free-stream turbulence on turbulent boundary layers is still not
completely understood. High free-stream turbulence affects the internal flow of jet
engines. The flow that enters the turbine is the flow that exits the jet engine's combustor,
which has turbulence intensities in the order of 20%. (See Figure 1.1)

I. Inlet
II. Compressor
In1. Combustor
IV. Turbine
V. Afterburner (if equipped)

11 I VI V1. Nozzle

Figure 1.1: Schematic of a jet engine

The objectives of this research project were to contribute to the expansion of the
community's high free-stream turbulence "knowledge database", to provide experimental
data that will help on the improvement and validation of turbulence models, and to
characterize the flow in the Aerospace and Ocean Engineering Boundary Layer Wind
Tunnel, which will be impinging three-dimensional bodies subjected to high free-stream
turbulence effects. All work presented in this thesis is on nominally two-dimensional
turbulent boundary layers. High free-stream turbulence studies on three-dimensional
boundary layers will be done in the future and may be found in Lowe (2006).

As mentioned earlier, the two-dimensional turbulent flow needed to be characterized,
before three-dimensional studies can be made. The future three-dimensional study will
simulate the flow around one turbine blade, where a wing/body junction (see Figure 1.2)
will be used. The wing/body junction creates a three-dimensional pressure driven flow,
which simulates exactly the flow around a turbine blade, which contains three-
dimensional separation upstream of the blade and the formation of chaotic horseshoe
vortex structures that wrap around the blade (Simpson, 2001).

In a turbulent boundary layer without free-stream turbulence effects, most of the
turbulence is generated in the "inner" part due to the strong shear close to the wall. In the
"outer" part, the turbulence dissipation rate exceeds its production, therefore, the
turbulence production decreases with increasing normal distance from the wall.

Turbulence measurements made in half-constrained and unconstrained turbulent shear
flows near a free-stream have shown that the flow is intermittently turbulent-non-
turbulent in this region. According to Simpson (1973), flow visualization results by Rotta
(1962), Grant (1958), and Fiedler and Head (1966) show that there exists a distinct
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boundary between the turbulent fluid and non-turbulent fluid, called the "viscous
superlayer", which has an irregular, time-dependent shape with a very large interfacial
area.

Trailing 4d6P
aparatlon

Ilorseslo

a.--separation
line

Figure 1.2: Wing/body junction (simulating a turbine blade) [Simpson 2001, modificd]

Non-turbulent fluid is converted to turbulent fluid as the shear layer moves downstream.
The conversion process is called entrainment. Flow instabilities cause depressions on the
viscous superlayer. These depressions grow to large amplitudes and rapidly move into the
surrounding non-turbulent fluid. The rapidly moving fluid composed of three-
dimensional bulges of size or scale of the shear layer thickness, rolls up and surrounds
some of the non-turbulent fluid. The surrounding process is called engulfment. The
engulfed non-turbulent fluid is convected with the shear layer. At the viscous superlayer,
viscous mixing occurs, transmitting vorticity to the engulfed fluid, and therefore causing
it to become turbulent. The flow near the free-stream boundary is then characterized by
irrotational fluid trapped between the three-dimensional bulges of turbulent fluid.

Non-Turbulent Fluid

"viscous Superlayer '
Large area interface
between turbulent
and non-turbulent fluid

Turbulent Fluid

Figure 1.3: Engulfment process (After drawing of Simpson (1973))

In a turbulent boundary layer with free-stream turbulence effects, there exists the
possibility of energy transport from the free-stream to the turbulent boundary layer.
Several authors have shown in previous studies that free-stream turbulence increases the
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skin friction and that implies that the turbulence production increases. The integral length
scale of the free-stream turbulence also affects the boundary layer. Increasing the free-
stream turbulent intensity may cause the lengthscale to penetrate deeper into the
boundary layer.

Small free-stream fluctuations do not strongly influence the turbulent-non-turbulent
interface or boundary, while large free-stream fluctuations produce a series of waves or
wavelike segments that influence the turbulent flow beneath. According to Cousteix and
Houdeville (1988) "long wavelength unsteady free-stream fluctuations have almost no
effect on the boundary layer beneath, as long as the flow is not near separation with
strong adverse pressure gradients." In addition, this condition is reflected in long
streamwise integral length scales. As it is known, the free-stream turbulence and the
boundary layer turbulence generated near the wall are not coherent and are at different
streamwise wavelengths, therefore there can only be very small interaction and effect on
the Reynolds-averaged ergodic statistics. Based on the nature of the turbulent-non-
turbulent interface and on the entrainment process, it is expected that only the high free-
stream turbulence intensities with comparable wavelengths to those being produced by
the boundary layer will show non-linear interactions and affect the Reynolds-averaged
behavior.

For the first time, due to the technology available for this experiment, the skin friction
coefficient (Cf) was deduced from the viscous sublayer, whereas in most of the previous
published studies the authors assumed a semi-log layer with low free-stream turbulence
constants to obtain the skin friction.

1.2 Previous free-stream turbulence studies

Hancock and Bradshaw (1983) made mean flow and turbulence measurements in an
incompressible two-dimensional turbulent boundary layer at constant pressure (zero
pressure gradient). The free-stream turbulence (4% intensity) was nearly homogeneous
and nearly isotropic, and was generated by square-mesh/square-bar biplane grids.
Boundary layer measurements were made on a 15-mm thick flat plate which was 2.4 m
long and was positioned half way between the tunnel's ceiling and floor. In order to
reduce fluctuating separations the plate's leading edge was ogive-shaped. Skin-friction
measurements were obtained from pitot-tube velocity profile measurements in the log
region using the assumption that the log law is valid under free-stream turbulence
conditions. The flow's two-dimensionality was checked by using Preston tubes that were
positioned at the plate's centerline.

Based on their measurements, Hancock and Bradshaw concluded that the velocity
approaches the free-stream value slowly when the free-stream turbulence intensity is
high. The shear stress approaches zero outside the boundary layer while the three mean
square intensities or normal stresses become almost equal. They also concluded that the
free-stream length scale has a large effect on the boundary layer's response and that there
is a nonlinear relationship between the effects of free-stream turbulence and the free-
stream turbulence intensity.

3



Hancock and Bradshaw also defined two parameters: the dissipation length parameter

(L,), which is based on the decaying isotropic turbulence, Ue d(u 2 ) wh-e

x is the distance from the turbulence generator grid and the free-stream turbulence
parameter (P3) that combines the dependence of the skin friction on the turbulence

intensity and dissipation length scale, L8- = , where is the turbulence
r" +2

999.5

intensity.

Hancock and Bradshaw (1989) made new measurements for a wide variety of length-
scales in a turbulent boundary layer also on a flat plate with zero pressure gradient.
Nearly isotropic free-stream turbulence was generated by a grid, as in the studies from
1983. In that study the authors used conditional sampling techniques with the flat-plate
boundary layer heated near the leading edge to set apart the free-stream fluid from the
boundary-layer fluid. The velocity fluctuations (u, v, w) and their spectra were measured
in the free-stream. Pitot tubes were used to measure mean velocities and the skin-friction
coefficients were obtained from semi-log plots assuming that the semi-log law of the wall
mean velocity profile remains valid under free-stream turbulence conditions. Velocity
fluctuation measurements were made by using crossed hot-wire anemometers while
temperature fluctuation measurements were made with a single wire operated at constant
current.

Based on the measurements published in 1989, Hancock and Bradshaw concluded that
near the wall there was an increased loss of turbulent kinetic energy by diffusion, larger
free-stream length-scales infiltrate further into the boundary layer. Based on the turbulent
kinetic energy and shear-stress balances, they noticed that the free-stream turbulence has
no effect on the dissipation length parameter. Based on the fact that the dissipation length
parameter is not affected by the free-stream turbulence, the authors also concluded that
the shear stress provides a more meaningful velocity scale for the boundary layer
turbulence instead of the turbulence intensity.

Blair (1983ab) made mean flow and turbulence measurements in a two-dimensional
boundary layer at zero pressure gradient. The turbulence was generated by square-
mesh/square-bar biplane grids and the turbulence intensity varied from 0.25% to 7%.
Changes in the wall skin friction were obtained from wake depression measurements

Cf _ 4
using Bradshaw's equation: C1---(IH 0) 1HO Frl 2J 2

Blair pointed out by experimental data comparison that Hancock's and Bradshaw's free-
stream turbulence parameter (P3) only worked correctly for high Re6 . The 13-parameter
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over predicted the changes in skin friction at lower Re0 . Blair introduced a new parameter
named Hancock-Bradshaw-Blair (HBB), which is a function of Re0, turbulence intensity,

and dissipation length scale: HBB (U He also stated that
_ + 2 1 a s3expa that

the skin friction increased due to the higher levels of turbulence and that the semi-log
region of the mean velocity profile was relatively unaffected by changes in the free-
stream turbulence level.

Hollingsworth and Bourgogne (1995) conducted a study to document the response of a
turbulent boundary layer to a flow with high free-stream and approximately streamwise-
uniform levels of turbulent intensity. Measurements were taken in a two-dimensional
turbulent boundary layer beneath a free-stream produced by a two-stream mixing layer.
The flat plate used in the experiment was positioned downstream of a splitter wall used to
form the mixing layer, and the gradient direction of the mixing layer was parallel to the
boundary layer's span. Measurements of mean and fluctuating velocities were taken by
using hot-wires and the data were taken for free-stream turbulence intensities in the order
of up to 16%. The authors state that previous studies investigated the effects of free-
stream turbulent intensities below 10%, and free-stream turbulence was nearly isotropic
and generated by passive grids that create relatively low intensity and decays quickly as it
convects downstream. Turbulence generated by other means, such as mixing two flows
together, as shown in this paper by Hollingsworth and Bourgogne, generate higher
turbulence intensities, as high as 20%, that have a longer life. U, was determined using
two different approaches. The mean velocity profiles were fit from y+ = 30 to y+ = 70 to
the semi-log law of the wall using the Coles constants (K = 0.41 and C = 5). The resulting
U, from the law of the wall was compared to a U, obtained from a linear fit to the data for
y+ < 5. According to the authors those two U, values agreed to within ±2%. From their
experiments, the authors concluded that an excess in stream-wise momentum was formed
in and above the outer region of the boundary layer due to an interaction between the
vorticity fields of the boundary layer and the mixing layer. They also concluded that the
skin-friction increased by up to 73% compared to the expected values based on the
streamwise development length of the boundary layer. During the experiments the
authors were not successful with the free-stream turbulence decay. For some reason, the
turbulence level did not decay and the free-stream flow had a complex structure
producing three-dimensional effects on the boundary layer.

Thole and Bogard (1996) studied the effect of high free-stream turbulence on a flat plate
using an active turbulence generator. Their study contains experimental data of mean and
rms velocities, velocity correlation coefficients, length scales and power spectra for a
turbulent boundary layer subjected to high free-stream turbulence up to an intensity of
20%. The active generator was designed by the authors and consisted of a row of small,
high velocity, normal jets injecting air into the cross-flow mainstream. The mean and rms
velocities, and the uv correlation were obtained by using a two-component LDV system
with frequency shifting. Skin friction was estimated from the constant stress part of the
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log layer (- uv = U12). Integral time scales and power spectra were obtained by using hot-
wire measurements of the streamwise velocity fluctuations. A spectrum analyzer was
used to obtain the power spectra. The integral time scales were directly calculated from
correlations of the digitized hot-wire measurements or from the power spectra
extrapolated to zero frequency. Integral length scales were determined from the measured
integral time scales and mean velocities by using Taylor's hypothesis that the turbulence
convection speed was U.

Based on the results of their experiments, Thole and Bogard made several conclusions.
They concluded that the mean velocity profile retained the semi-log law near the wall for
all levels of free-stream turbulence tested, but the outer region of the profile had some
significant alterations. The direct measurements of total shear stress proved that the log
law is valid for the flows under high free-stream turbulence. The authors observed that
the high free-stream turbulence caused the outer part of the boundary layer to become
much flatter. In addition, the free-stream turbulent eddies penetrate into the boundary
layer at high free-stream turbulence levels, and that is proven by the measured
lengthscale and spectra. The velocity spectra were much broader than for the low free-
stream turbulence boundary layer and that is due to much larger lengthscales for the free-
stream turbulence. Finally, due to the uncorrelated nature of the free-stream turbulence
and the boundary layer generated turbulence, the Ru, correlation coefficient throughout
the boundary layer was reduced.

Stefes and Fernholz (2004) measured mean and fluctuating velocity profiles and the skin
friction in an axisymmetric turbulent boundary layer with zero pressure gradient and free-
stream turbulence intensities ranging from 1% to 13%. The ratio of the u-component
streamwise integral lengthscale in the free-stream and the boundary layer thickness
varied between 0.5 and 2 in the streamwise direction. The high free-stream turbulence
intensities were generated by jets injected normal to the flow. Measurements of mean and
fluctuating velocities were made by using a miniature single and x-wire probes. Skin
friction measurements were made by using Preston tubes, wall hot-wires and oil-film
interferometry. Under free-stream turbulence conditions the authors observed that the
skin friction increased by approximately 34%. The measured fractional increase in skin
friction correlated well with the Hancock-Bradshaw-Blair parameter. Stefes and Fernholz
state that the skin friction increase is due to the increased mixing by the free-stream
turbulence that penetrates into the boundary layer and which thereby reduces the mean
velocity gradient in the outer region, resulting in a fuller profile. The authors observed
that the mean velocity profile agrees with the linear-law and that the semi-log law in the
inner region of the boundary layer is independent of the free-stream turbulent intensity.
Other observations include the fact that the free-stream turbulence affects the wake
parameter and the mean velocity distribution in the outer layer significantly. Stefes and
Fernholz concluded that the distribution of the mean velocity is affected in a similar way
as by a mild favorable pressure gradient. They also observed that the distributions of

U,
2

Reynolds normal stress components, -i-, plotted in inner-law scaling, collapsed on top of
Ut

each other in the viscous sublayer and in the lower part of the of the buffer layer, but an
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increase in their peak values by approximately 25% at a turbulence intensity of 13% was
observed when compared to the data at a turbulence intensity of 1%. By increasing the
free-stream turbulence, the Reynolds shear stress profiles extended further out into the
boundary layer's outer region without causing a higher production of Reynolds normal
stresses. Finally, the authors observed that free-stream turbulence barely affects the
production in the inner layer.

Liu and Pletcher (2005) calculated turbulent boundary layers with free-stream turbulence
by using Large Eddy Simulation (LES). The turbulent boundary layers were subjected to
free-stream turbulent intensities of 0%, 5% and 7.5%. The authors investigated the
influence of free-stream turbulence length scale and intensity on the skin friction, mean
velocity, and rms profiles. Their numerical results verified that as the free-stream
turbulent intensity increased, the log region extended and the size of the wake component
decreased. The same results were observed by Hancock and Bradshaw on their
experiments. According to Liu and Pletcher the rms velocities increased with increasing
free-stream turbulence level. Also the skin-friction coefficient increased with the free-
stream turbulence level increase. The authors stated that their results agreed well with the
experimentally based correlation of Hancock and Bradshaw. Just for comparison
purposes the data of Liu and Pletcher (2005) was plotted with Stefes and Femholz (2004)
data and is shown in Figure 3.97.

1.3 Counterflow jet and coflow jet characterization

In order to study the wing/body junction flow under high free-stream turbulence, an
active turbulence generator capable of generating high turbulence intensity had to be
designed and built. The turbulence generator design was based on a previous design by
Bangert, Kohli, Sauer and Thole (1997). Design details about the turbulence generator
can be found in Chapter 2. The generator creates high free-stream turbulence in a wind-
tunnel by injecting air parallel to the flow in two directions. There are 42 jets opposing
the wind tunnel flow and 42 jets in the direction of the flow.

Jets in a counterflow and jets in a coflow have been studied by several authors with the
intent to characterize such flows. As it was observed by Bernero (2000a) and Yoda et al.
(1996), jets in a counterflow behave differently depending on the velocity ratio between
the jet and the counterflow. It has been shown by them that for velocity ratios (Vr, jet
orifice velocity to counterflow velocity) smaller than 3.4 the jet has a stable and unstable
phase. For velocity ratios equal or greater than 3.4 the jet has only an unstable phase. The
jet is in the stable phase when it is characterized by a single and symmetric vortex ring,
and it reaches the unstable phase as the jet's penetration length increases. Due to the
counterflow perturbations, the jet becomes asymmetric and flapping occurs. Yoda et. al.
(1996) showed that for velocity ratios greater or equal to 2.2, the jet's penetration length
can be determined by the following model: x, = (2.8)(D)(Vr), where xp is the

penetration length in centimeters, D is the jet's diameter in centimeters and Vr is the
velocity ratio.
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The velocity ratio for the wing/body junction study is approximately 11.5, therefore, the
turbulence generator jets going opposite to the wind tunnel flow will only have an
unstable phase. Also, as the jet breaks up, it is carried by the counterflow downstream.
Once it reaches the turbulence generator, some of the vortices will wrap around the
generator's vertical tubes, creating horseshoe vortices.

Figure 1.4 is a concept based on Bemero (2000a), Yoda et al. (1996), and Hussain (1986)
that characterizes the turbulence generator jets. Here only two jets out of the 84 jets are
shown. One jet is going opposite to the wind tunnel flow and the other one is going in the
direction of the wind tunnel flow.

SCO~tdjTEAFaJ CoF~o•J TJE

/ F

CNf C,%

Figure 1.4: Preliminary characterization of the turbulence generator jets (Orsi 2005)

The turbulence generator jets going in the same direction as the wind tunnel flow are
weakly advected. These turbulent jets have an irregular concentration and a large range of
length scales. As illustrated in Figure 1.4, the initial toroidal structure breaks down into
smaller substructures.

The preliminary design of the turbulence generator showed that the generator was
capable of generating high levels of turbulence. As in Bangert et al.'s (1997) design there
was the possibility that the jets could cause non-uniformities to the mean flow. The
counterflow jets should be responsible for the highest levels of turbulence and for the
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highest flow non-uniformities, if flow non-uniformities are present. Detailed

characterization of the turbulence generator's flow can be found in Chapter 3.

1.4 Organization of thesis

The remainder of this thesis is organized in three more chapters. Chapter 2 describes the
apparatus and instrumentation used for the experiments. It includes a detailed description
of the turbulence generator, a brief description of the seven-hole pressure probe system
used to make flowfield measurements, and an explanation of how the Third Generation
Comprehensive Laser Doppler Velocimeter system was used in this experiment in order
to make particle velocity measurements. Chapter 3 contains the results and discussions
about the experiments, including Schlieren pictures of the turbulence generator jets, plane
measurements using the seven-hole pressure probe, and mean and fluctuating velocity
measurements of two-dimensional turbulent boundary layers. Chapter 4 has the
conclusions about the present experiments and previous experiments conducted by other
authors.
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Chapter 2 Apparatus and Instrumentation

2.1 Boundary Layer Wind Tunnel

Measurements were taken in the Aerospace and Ocean Engineering (AOE) open-circuit
low-speed boundary layer wind tunnel. This experimental facility has been used for
several decades where data were collected and results published in referred journals (i.e.
Devenport et al. (1990), 01men (1995), and Simpson (2001)). Other information about
this facility is available online at http://www.aoe.vt.edu/research/facilities/ bllab.php.

The wind tunnel is powered by a 19 kW centrifugal blower and its speed is controlled by
a fixed-setting damper. Before the intake air reaches the test section, it passes through a
plenum, a section of honeycomb that is used to remove the flow's mean swirl, and seven
wire-mesh screens used to reduce the turbulence intensity. The air also passes through a
4:1 contraction that is used to reduce turbulence levels and accelerate the flow, is
subjected to another 1.5:1 contraction with a throat height of 0.251 m (0.823 ft) over the
first 5.35 ft of the test section.

The wind tunnel has a 0.91 m (3 ft) wide by 7.3 m (24 ft) long rectangular cross-section
with a variable flat-ceiling height. The free-stream velocity and the free-stream
temperature are measured 1.63 m (5.35 ft) downstream of the test section's entrance. At a
free-stream speed of 27.5 m/sec and a free-stream temperature of 25TC, it was
experimentally determined that the airflow entering the test section has a uniform
potential core within 0.5% in the spanwise direction and 1% in the vertical direction. The
turbulence intensity in the freestream was determined to be 0.1%.

Figure 2.1: AOE Boundary Layer Wind Tunnel

2.2 Pitot-static probe

A Dwyer Instruments Inc. Pitot-static probe, model 166-6, was used to acquire the
freestream total and static pressures. These pressures were acquired at x = 1.63 m
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downstream of the test section's entrance, y = 14 cm and z = 31.75 cm. The static ports

have a diameter of 0.0381 cm and the total pressure port has a diameter of 0.140 cm.

2.3 Inclined manometer

A Dwyer Instruments Inc. inclined manometer, model 246, with a measuring range
between 0 and 6 inches of water and with a minor scale division of 0.02 inches of water,
was used to measure the dynamic pressure in the freestream. Uncertainty of +0.01 inches
of water.

2.4 Thermometer

An H-B Instrument Co. mercury thermometer with a measuring range between 8°C and
42°C and with a minor scale division of I°C, was used to measure the freestream
temperature. Uncertainty of ±0.5 °C.

2.5 Turbulence generator

The active turbulence generator was designed by Graf (2003) and built to create high
free-stream turbulence in the boundary layer wind-tunnel. A turbulence intensity of 20%
was desired to simulate the flow around a gas turbine compressor blade where the
turbulence levels are generally on the order of 20%.

The turbulence generator design was based on a previous design by Bangert, Kohli, Sauer
and Thole (1997). The generator is made of steel, weighs 14 Kg, and is located 5.08 cm
away from the left and right tunnel walls, refer to Figure 2.2. The generator's manifold
has a diameter of 7.62 cm and is 88.9 cm long. The air supply is connected to a 2.54-cm
diameter valve which is attached to the top of the manifold. Six 1.27-cm diameter circular
tubes are screwed to the bottom of the manifold. The tubes are 16.2 cm apart and each
tube has fourteen (7 in the upstream direction and 7 in the downstream direction) 0.15-cm
diameter holes, which are spaced vertically 3.18 cm apart; see Figure 2.3. The bottom of
the vertical tubes are secured by a thin metal plate, which has a width of 12.2 cm and had
its upstream and downstream edges smoothed and angled to reduce any disturbances to
the flow that passes over it. And the top of the vertical tubes are secured by another metal
plate, which is located outside of the test section, attached to the ceiling. These metal
plates keep the generator fixed in place to avoid any movement during the experiments.

Compressed air is fed to the turbulence generator by a 2.54-cm diameter steel pipe ("air
line") that is connected to the two air tanks that feed air to the Virginia Tech Supersonic
Wind Tunnel. The tanks are initially charged to 1.79 MPa (260 psi) and the air passes
through a pressure regulator (Fisher Regulator, Serial/Model 627H-97, type 627H,
Range: 240-500 psig) which drops the pressure from 1.79 MPa (260 psi) to 689 kPa (100
psi), setting the generator's manifold pressure to 689 kPa (100 psi); See Chapter 3,
section 3.4 for details about why 689 kPa was the pressure chosen. A pressure gage
(Ashcroft commercial pressure gage, 0-600 psi, 10-psi increments, type 1005P, ASME B
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40.1 Grade B, 2-in dial, 1.5-inch pointer) was used to set the pressure to 689 kPa (100
psi) and monitor the pressure during the experiments. As the turbulence generator is used,
the pressure in the tanks drops. Once the pressure drops to 1.52 MPa (220 psi), the tanks
are recharged to 1.79 MPa (260 psi) in order to maintain the pressure in the air line
constant at 689 kPa (100 psi). The turbulence generator injects air in the tunnel through
the 0.15-cm holes (Figure 2.3) in two directions, upstream and downstream, and the air
coming out of the holes was designed to be subjected to choked conditions (Mach 1.0).

During the initial testing of the turbulence generator in 2005, it was discovered that the
first row of jets that are about 3.49-cm vertical distance from the tunnel floor in both
directions (upstream and downstream), which are contained in the boundary layer, were
excessively speeding up the flow making the boundary layer more three-dimensional.
These results and the changes made to the turbulence generator are presented in Chapter
3, section 3.2. A schematic of the generator position in the test section is given on Figure
2.4.

Air intake Manifbld

Tunnel Sidewall + -- Tunnel Sidewall

Metal Plate
5.08 an 5.08 am

Tunnel Centerline

Figure 2.2: Schematic of the turbulence generator in the wind tunnel (downstream view)

88.9 aM

Air intake
~(d- 2.54 cm)~ Manifold2

T I7.62 cm

22.5-cm Jet

3.49--" -- 3.18,-a

vertical Tubes 16.2-cm

127-cm

Figure 2.3: Schematic of the turbulence generator
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Figure 2.4: Schematic of the turbulence generator location in the wind tunnel (side view)

Figure 2.5: Side view of the turbulence generator in the Boundary Layer Wind Tunnel

Figure 2.6 Top view of the turbulence generator in the Boundary Layer Wind Tunnel
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Figure 2.7: View of the turbulence generator in the test section

Figure 2.8: Compressed "air line"

Figure 2.9: Pressure regulator and pressure gage

14



2.6 Seven-hole pressure probe

A seven-hole pressure probe system which was previously used by Pisterman (2004) in
highly turbulent flow fields was used to capture the flowfield in the Boundary Layer
Wind Tunnel when high free-stream turbulence was present. The probe was
manufactured by Aeroprobe Corporation and is composed of a 2-mm diameter and 15.24-
cm long stem. Inside the stem there are 7 tubes, of 0.5-mm diameter each.

The seven-hole probe has a 30-degree half angle conical tip with six pressure ports,
which are spaced 60-degrees from each other, and with one port located at the tip of the
probe (see Figure 2.11). The probe calibration was done by Aeroprobe Corporation in
2003 and MultiProbe (version 3.3.1.240) software by Aeroprobe Corporation was used to
reduce the collected data.

More detailed information about the seven-hole probe system, such as calibration,
pressure transducers, traversing system, data acquisition and data reduction can be found
on Pisterman (2004). Also, the uncertainty analysis of the instrument (7-hole probe
system) by Pisterman (2004) shown on Table 2.7.1 was used since all the same programs
and sampling schemes used by him were re-used for this experiment.

Table 2.1 Uncertainty analysis for the 7-hole probe measurements (Pisterman 2004)
Mean velocity magnitude (U,V,W) ± 0.58 %

Pitch angle ± 0.64 degrees
Yaw angle ± 0.46 degrees

Figure 2.10: Seven-hole pressure probe (top view)

0 0

0 0

Figure 2.11 Sketch of the seven-hole probe tip
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2.7 Third generation comprehensive laser Doppler velocimeter

Detailed design, calibration and signal processing information of the third generation
comprehensive laser Doppler velocimeter (CompLDV) system can be found in Lowe
(2006), who designed and developed the entire system.

During this research project, the third generation CompLDV (5-component) was setup to
use a total of ten laser beams, two of them at a wavelength of 476.5 nm (purple), four
other beams at 488 nm (blue), and another four beams at 514.5 nm (green). The laser
beams were created and prepared on a remote laser table where five of the ten laser
beams were frequency shifted by Bragg cells. One Bragg cell shifted a 476.5 nm beam 40
MHz. Two other Bragg cells shifted two 488 nm beams, one to 60 MHz and one to 80
MHz. Another two Bragg cells shifted two 514.5 nm beams, one to 60 MHz and one to
80 MHz.

The ten laser beams (5 frequency-shifted and 5 non-shifted) were transported from the
laser table to two independent optics heads, which were located under the test section, by
ten polarization preserving fiber optics with 4 p.m diameter cores. The light from the
fibers were lined up at 1.3-mm diameter and the pair of beams are focused to a
diffraction-limited spot size of about 200 ptm in measurement volume by three
achromatic lenses. A nominal fringe spacing of 1.0 Itm results from the pair of beams
having a 100 fill-angle of intersection.

Nearly monodisperse 0.6 gtm seed particles were created through a
vaporization/condensation process of dioctyl phthalate (DOP) aerosol particles. Further
details about the seeding process can be found in Stewart (2005). These particles were
injected in the wind tunnel upstream, right after the first contraction, before entering the
test section. They scattered light which was collected by a lens that is 50.8 mm in
diameter. The collected light was focused onto a 62.5 p.m diameter multimode fiber that
was connected to chromatic separation optics that feed the received light to three
Hamamatsu model R4124 photomultiplier tubes. The photomultiplier tubes converted the
light signals into electric signals, signals which were individually amplified by three
Sonoma Instrument 315 amplifiers. The signals of wavelength 476.5 nm and 488 nm
were combined into one signal, because only two channels were available on the data
acquisition card. Therefore only two signals remained after the combination. These two
signals were simultaneously digitized at 8-bit resolution and 250 mega-samples per
second (MS/s) using a Strategic-Test model UF.258 high speed digitizer board that was
installed in a regular Pentium 4 PC. All the signals were acquired in massive volume for
0.54 seconds in single-shot records that contain several thousand bursts. All the data
collected was stored on swappable IDE hard drives for later signal processing.

The signal processor was software-based and was developed by Lowe (2006). The
processor had four important modules that included: a burst recognition algorithm, a
dual-burst separation algorithm, an FFT-based frequency processor and an FFT-based
chirp processor. For details on these four modules please refer to Lowe (2006).
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This LDV system was capable of obtaining near-wall measurements. The system used
large angles for interfering beam pairs, producing small fringe spacing. There were
instantaneously 50 fringes for each interference pattern in the measurement volume while
the gradually focused beams resulted in a Rayleigh length of 95 mm, which gave a fringe
gradient bias that was negligible.

Figure 2.12 through Figure 2.17 are shown to give the reader a general idea of what the
system looks like. Figure 2.12 shows the third generation CompLDV probe under the test
section, positioned to take measurements. Figure 2.13 is similar to Figure 2.12, but with
the lasers turned on. Figure 2.14 and Figure 2.15 show the laser beams in the test section
from both sides of the test section. Figure 2.16 shows the vaporization/condensation
system used to obtain the nearly monodisperse 0.6 gm seed particles. And finally, Figure
2.17 shows the laser table where the laser beams are formed.

Figure 2.12: Third generation CompLDV probe below the test section, laser off.

Figure 2.13: Third generation CompLDV probe below the test section, laser on.
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Figure 2.14: Third generation CompLDV, right side view of the test section.

Figure 2.15: Third generation CompLDV, left side view of the test section.
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Vaporization Phase

Condensation Phase

Figure 2.16: Vaporization/Condensation system (VapCon)

Figure 2.17: Third generation CompLDV laser table
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Chapter 3 Results and Discussion

In this chapter are contained Schlieren pictures of the turbulence generator jets, seven-
hole pressure probe measurements of a plane downstream of the generator, laser Doppler
velocimetry measurements of two-dimensional turbulent boundary layers, data correction
of previously published data, and plans for future high free-stream turbulence
measurements.

3.1 Schlieren pictures of the turbulence generator

An attempt to visualize the counterflow and coflow jets of the turbulence generator was
made by means of the AOE Departmental Schlieren system. The flow mixture of the
Boundary Layer Wind Tunnel flow with the turbulence generator's flow contains density
changes which cause index of refraction changes. The Schlieren is sensitive to the spatial
derivative of density, which allows the visualization of the flow features. The Schlieren
setup is illustrated in Figure 3.1.

2
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2. Concave firror - 80in focal length, 9.75in diameter b. 79 inches
3. Concave Mirror - 80in focal length, 11.75in diameter c. 52 inches
4. Flat Mirror - 4in diameter d. 28 inches
5. Knife edge e. 0.5 inches

Figure 3.1: Schlieren setup for the Boundary Layer Wind Tunnel

As mentioned in Chapters 1 and 2, the turbulence generator contains 42 counterflow jets
and 42 coflow jets. It has been described by several authors that the counterflow jets
behave differently depending on the velocity ratio between the jet and the counterflow.
Any velocity ratio above 3.4 is unstable. For this experiment, the velocity ratio was 11.5;
therefore the counterflow jets are completely unstable. Due to the counterflow
perturbations the jets are asymmetric and flapping occurs. As the counterflow jets lose
their penetration strength, they start to break up and are carried by the tunnel flow, which
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is moving downstream. Some of them wrap around the vertical turbulence generator rods
creating horseshoe vortices. The counterflow jets are responsible for the highest levels of
turbulence.

Coflow jets as described by Hussain (1986) have an irregular concentration and large
range of length scales. They are also weakly advected and the initial toroidal structures
break down into smaller substructures as the jet flow moves downstream. Figure 1.4
shows a sketch of one counterflow and one coflow jet. The Schlieren pictures taken
during the experiment do not contradict the theory behind Figure 1.4 and are shown
below.

The camera was focused on the two center rods of the turbulence generator. On Figure
3.2 and Figure 3.3 the jets to the right of the rods are moving counterflow and the jets to
the left of the rods are moving coflow. The quality of the pictures is compromised since
there are lower density gradients in subsonic flows. These pictures were taken with a low
speed camera, but it is still useful to visualize the jets. As it can be observed, some of the
counterflow jets are breaking up, and some of them are either pitching up or down. It is
also noticeable that the coflow jets have an irregular concentration.

Flow direction

Figure 3.2: Schlieren Photograph # 1 (all holes with d = 1.5-mm)
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Flow direction4

Figure 3.3: Schlieren Photograph # 2 (all holes with d = 1.5-mm)

3.2 Seven-hole pressure probe measurements

Seven-hole pressure probe measurements were made in order to survey the flowfield
downstream of the turbulence generator. For all test cases presented in this section, the
turbulence generator's manifold pressure was set to 689 kPa (100 psi), the tip of the
probe was at x = 63.5 cm downstream of the generator coflow jet-holes' exit. Due to
traverse movement limitations, the plane measurements only captured the flow around
the four central rods of the generator. For more details on the traversing system, please
refer to Pisterman (2004).

The Boundary Layer Wind Tunnel floor at the inlet has a 0.63 cm blunt leading edge that
trips the flow to form a turbulent boundary layer. As discussed in Chapter 2, the flow in
the Boundary Layer Wind Tunnel has a uniform potential core within 0.5% in the
spanwise direction and 1% in the vertical direction, and the turbulence intensity in the
free-stream equals 0.1% (Olmen, 1990).
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The initial plan was to make a plane measurement with the seven-hole probe to see how
the generated turbulence was affecting the flow. Figure 3.4 represents the contour of the
mean U velocity. Data are presented in a right-hand coordinate system, see Figure 2.4.
This first plane of measurements was called test case 1, where all the 84 jet-holes of the
generator had a 1.5-mm diameter. As it can be observed in Figure 3.4, the bottom row of
jets (counterflow and coflow jets) were excessively speeding up the flow, making the
boundary layer more three-dimensional. As mentioned in Chapter 2, the distance between
the bottom row of jets and the floor is 3.49 cm. Valleys were being created in the flow
downstream of the generator's rods; even though the rods are not shown in Figure 3.4, it
is possible to tell were the rods were positioned.

The flow contained non-uniformities, and as previously stated in Chapter 2, this
turbulence generator was based on a previous design by Bangert et al. (1997). Their
design provided very high turbulence levels, and the mean velocity uniformity and
turbulence levels were within +4%.
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Figure 3.4: Mean U contour plot (All jet-holes with diameter = 1.5 mm), case 1

Figure 3.5 is a velocity vector plot of V and W. The arrows represent the vectors and the
circles represent the location of each jet-hole on the vertical rods of the turbulence
generator. The arrow in the legend equals unity (1 m/sec). As it may be observed, the
magnitude of the arrows close to the bottom row of jets is much higher than those of the
jets located at the other locations. Figure 3.6 is the combination of Figure 3.4 and Figure
3.5 without plotting the jet-hole locations. It may be noticed that the large magnitude
arrows match with the valley locations, showing that the bottom row of jets need to have
their jet-hole-diameter decreased.
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Figure 3.7 is a contour plot of the mean V velocity. Figure 3.8 is a contour plot of the
mean W velocity. As it may be observed in both of these figures, due to the nature of the
vortex rings in the flow, the flow velocity changes signs, meaning that one vortex is
moving clockwise and the vortex next to it is moving counterclockwise. For example, in
Figure 3.7 at y = 14-cm to 20-cm and at z = -30-cm to -20-cm the velocity contours are
negative; at the same y range but at z = -20-cm to -10-cm, the velocity contours are
positive.

Figure 3.9 shows the U/Uref variation versus y/8 for different z locations. It has been
determined from the LDV data, which will be introduced later in this chapter, that 8 (the
boundary layer thickness or where U/Umx = 0.99) is equal to 54-mm. For most of the
figures in this section, y is normalized by 8, which is equal to 54 mm. Figure 3.10 shows
the V/Uf variation versus y/8 for different z locations. Figure 3.11 shows the W/Urf
variation versus y/8 also for different z locations.

Furthermore, Figure 3.12 shows the U/Uref variations versus z for different y-heights, and
it may be observed that the U/Uref is almost symmetrical about the centerline but is
slightly non-uniform.
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Figure 3.7: Mean V contour plot (All jet-holes with diameter = 1.5 mm), case 1
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Figure 3.9: U/Uref versus y/6 (All jet-holes with diameter = 1.5 mm), case 1
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Two more test cases were done in order to determine the turbulence generator's lowest
hole size that would produce a more uniform downstream boundary layer flow. The
counterflow jets are responsible for the highest levels of turbulence and for the highest
flow non-uniformities, if non-uniformities are present. Therefore, it was decided that the
upstream (counterflow) jet-holes for the bottom row of the turbulence generator needed
to be closed.

S,.

I < -- Wind Tunnel
I ccntcrline

Figure 3.13: Generator setup for test cases 2 and 3
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Obtaining a plane of measurements with the seven-hole probe is very time consuming.
The setup of the traversing system and alignment has to be done very carefully to reduce
the measurement errors. In order to expedite the generator's correction and avoid major
changes to the turbulence generator, only the flow around one of the central rods, as
illustrated in Figure 3.13, has been tested.

The seven-hole probe was traversed from z = 0 cm to z = 12.7 cm, where z = 0 cm is the
tunnel's centerline location. Two test cases, named test case 2 and test case 3, have been
tested. For test case 2, the bottom conterflow and coflow jet-holes were closed with set
screws, and all the other six counterflow and six coflow jets on that same generator's
vertical rod had their diameters at 1.5-mm. For test case 3, the bottom counterflow jet-
hole was closed with a set screw, and the bottom coflow jet-hole was closed with a set
screw, which had a 0.75-mm diameter hole drilled through it. All the other six
counterflow and six coflow jets on that same vertical rod had their diameters kept at 1.5-
mm. As a reminder, for all test cases, the turbulence generator's manifold pressure was
set at 689 kPa (100 psi).

Figure 3.14 shows the mean U contour plot for test case 2. As mentioned before, the two
bottom jet-holes (coflow and counterflow) of the generator's vertical rod, whose center is
located at z = 8.255 cm, have been closed. By closing those holes, the three-
dimensionality of the boundary layer has been reduced, and the valley that was located
downstream of the rod is no longer present. Figure 3.15 shows the variation of U/Uref
versus z at different y-heights. As it may be observed, the flow is more uniform than the
flow in test case 1 for the region that ranges from z = 0 cm to z = 12.7 cm.
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Figure 3.14: Mean U contour plot (2 jet-holes closed), case 2
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Figure 3.16 and Figure 3.17 show the contour plots of the mean V and the mean W
velocities for test case 2, respectively. Figure 3.18 shows the U/Urf variation versus y/8
for different z locations. Figure 3.19 shows the V/Uref variation versus y/6 for different z
locations and Figure 3.20 shows the W/Uref variation versus y/8 also for different z
locations.
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Figure 3.16: Mean V contour plot (2 jet-holes closed), case 2
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The results of test case 2 showed an improvement in the flow's uniformity, but the results
of test case 3 were even better. For test case 3, the bottom counterflow jet-hole was
closed with a set screw, and the bottom coflow jet-hole was closed with a set screw,
which had a 0.75-mm diameter hole drilled through it. All the other six counterflow and
six coflow jets on that same vertical rod had their diameters kept at 1.5-mm. The center
of the jets were located at z = 8.255 cm.

Figure 3.21 shows the mean U contour plot for test case 3. By keeping the counterflow jet
closed and by changing the diameter of the coflow jet from 1.5-mm to 0.75-mm gave
good results. The three-dimensionality of the boundary layer has been reduced more than
in test case 2, and the valley that was located downstream of the rod is also no longer
present. When comparing Figure 3.21 to Figure 3.14, Figure 3.21 shows less variation of
the mean U velocity.
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Figure 3.2 1: Mean U contour plot (I counterflow j et-hole closed,
I coflow j et-hole with d = 0.75 mm), case 3

Figure 3.22 shows the variation of U/Uref versus z. As it may be observed, the flow is
more uniform than the flow in test case 1 and test case 2 for the region that ranges from z
= 0 cm to z = 12.7 cm. Figure 3.23 and Figure 3.24 show the contour plots of the mean V
and the mean W velocities for test case 3, respectively. Figure 3.25 shows the U/Uref
variation versus y/8 for different z locations. Figure 3.26 shows the V/Urf variation
versus y/8 for different z locations and Figure 3.27 shows the W/Uref variation versus y/8
also for different z locations.

33



1.05 "

0---y = 1.27 cm
-B y -3.30cm

0.75

0 2 4 6 a 10 22 14

Z (cm)

Figure 3.22: U/Uef versus z (1 counterflow jet-hole closed,
I coflow jet-hole with d = 0.75 mm), case 3

5 0.3

4.5 .2

4
0.1

S3.5

2.5

.0.2
2

-0.31.5

0 2 4 6 B6 10 12

Z (cm)
rod Ioutiou

(z- 826 c)

Figure 3.23: Mean V contour plot (1 counterflow jet-hole closed,
I coflowjet-hole with d = 0.75 mm), case 3

34



14WW (m/S$C)

5 0.4

4.5

0.2
4

0.1

1.00

3 4],1

2 .- -0.2

-4.3
2

08.4
Is

00.5
0 2 4 6 8 10 12

Z (cm)
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Satisfied with the results obtained in test case 2 and test case 3, test case 4 was then
created, where the entire bottom row of jet-holes (counterflow and coflow), as illustrated
in Figure 3.28 by the red box, have been modified. All the six counterflow jets have been
closed and all the six downstream jets-holes had their diameters reduced from 1.5-mm to
0.75-mm. The other 72 counterflow and coflow jets had their diameters kept at 1.5-mm.

• - Wind Tunnel
centedine

Figure 3.28: Generator setup for test case 4

Comparing Figure 3.4 to Figure 3.29, it may be observed that the flow in Figure 3.29
looks much better. The flow still has non-uniformities, but the boundary layer has it
three-dimensionality reduced. And the valleys present in Figure 3.4 that were located
downstream of the rods are no longer present in Figure 3.29. The boundary layer
thickness and the selected LDV measurement location are shown in Figure 3.29.

Figure 3.30 shows the velocity vector plot of V and W, where the arrows represent the
vectors and the circles represent the location of each jet-hole on the vertical rods of the
turbulence generator. The arrow in the legend equals unity (1 m/sec). It is quite
noticeable that the magnitudes of the velocity vectors (V and W) are smaller when
compared to Figure 3.5. Figure 3.31 is the combination of Figure 3.29 and Figure 3.30
without plotting the jet-hole locations. It may be noticed that the jet-interaction with the
counterflow is stronger at the center of the wind tunnel and weaker closer to the test
section's side-walls.

Figure 3.32 is a contour plot of the mean V velocity and Figure 3.33 is a contour plot of
the mean W velocity. As previously observed in Figure 3.7 and Figure 3.8, and as it is
observed in Figures 3.32 and 3.33 the flow velocity (V and W) changes signs, due to the
nature of the vortex rings in the flow. Meaning that one vortex is moving clockwise and
the vortices next to it are moving counterclockwise.

Figure 3.34 shows the U/Uref variation versus y/8 for different z locations. Figure 3.35
shows the V/Uref variation versus y/8 for different z locations. Figure 3.36 shows the
W/Urf variation versus y/5 also for different z locations. Furthermore, Figure 3.37 shows
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the U/Uef variations versus z for different y-heights, and it may be observed that the
UIUref is also almost symmetrical about the centerline as was the flow of test case 1.
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Figure 3.30: Velocity vector plot of V and W (test case 4)
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Figure 3.38 represents the RMS of the mean U, divided by the mean U at constant y, for
test cases 1 and 4. The blue line represents test case 1 (all holes have a diameter of 1.5-
mm), and the green line represents test case 4, with the modifications explained above.
LDV measurements were made from the wall to a y-height of 80 mm at z = -2.985 cm. In
this region, the spanwise variation of the mean velocity was less than 2%.
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Figure 3.31: Mean U contour plot (test case 4)
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3.3. Zero pressure gradient

Since this research project is a fundamental study, a zero pressure gradient in the
Boundary Layer Wind Tunnel was desired. Pressure measurements over the wind
tunnel's centerline were made by using a pitot-static probe (Dwyer Instruments Inc.,
model 160-12) and a digital manometer (Dwyer Instruments Inc., model 475-0-FM) over
a short period of time. As illustrated in Figure 3.39, Pisterman (2004) and George (2005)
had a small pressure gradient. In the fall of 2005, the pressure gradient was corrected and
set to zero by the current author and Lowe (2006) without the turbulence generator in the
test section for a reference speed of 27.5 m/sec. Two-dimensional boundary layer
measurements were made between 260-cm and 300-cm.

29

28 . . . . . . -............ _ _

27,- "'-- . . .. .. .

26t

25 - - Goe (2005)
25 - Pisterman (2004)1

24 - ..e-- Orsi (2005)

23

22 - . .

21 i .

20 -

0 50 100 150 200 250 300 350 400 450 500

X (cm)

Figure 3.39: Streamwise velocity measurements

3.4 LDV measurements

3.4.1 Turbulence generator and streamwise LDV profile

The turbulence generator was designed to generate high turbulence intensities around
20%, but due to "air line" supply and pressure regulator limitations, the generator was
only capable of producing a maximum turbulent intensity of 7.9%. The maximum air
pressure that could be supplied to the generator was 689 kPa (100 psi). Other pressure
settings above 689 kPa (100 psi) were tested, but the pressure regulator was not capable
of keeping the air line stable at a fixed pressure setting above 689 kPa. For example, at
any pressure line setting above 689 kPa, the air line pressure varied +68.9 kPa (±10 psi),
which is unacceptable, since that varies the turbulence intensity.

It was desired to have choked conditions at the exit of the turbulence generator jets, but
apparently, those conditions have not been met. This can be proven due to the fact that
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increasing the air line pressure above 689 kPa increases the turbulence intensity.
Therefore, if the turbulence intensity is changing it means that the flow is still being
affected by the pressure. If the flow was choked, increasing the air line pressure would
not affect the turbulence intensity.

The mass flow rate and volumetric flow rate of the Boundary Layer Wind Tunnel were

calculated. For a reference velocity of 27.5 m/sec, the mass flow rate and the volumetric

flow rate of the Boundary Layer Wind Tunnel were found to be m = 7.12Kg/sec and Q =

6.39 m3/sec, respectively. Since the temperature at the turbulence generator jets'-exit
could not be measured and since the jet-flow was not choked, the mass flow rate of the
jets could not be calculated. An estimate was obtained by using the change in velocity
inside the Boundary Layer Wind Tunnel when the turbulence generator was on. The LDV
data have shown that the average velocity in the wind tunnel has increased by 1.1 rn/sec
when the turbulence generator was turned on. Based on this value the mass flow rate of
the turbulence generator was estimated to be approximately equal to 0.28 Kg/sec (for
modified generator - 78 jets: 6 with d = 0.75 mm and 72 with d = 1.5 mm).

As mentioned in Section 3.2 of this chapter, the LDV probe was fixed at z = -2.985 cm
for the normal and streamwise velocity-profile measurements; refer to Figure 3.29. For
the streamwise velocity profile, the LDV probe could only be traversed from x = 71.12
cm to x = 88.9 cm, where x = 0 cm was at the exit of the generator's coflow jet-holes.
Some of the wind tunnel brackets, located under the test section, which are used to level
and fix the wind tunnel in place, limit the movement of the platform on which the LDV
probe sits.

Figure 3.40 illustrates the turbulence intensity at different x-locations downstream of the
generator. As it may be observed, the turbulence intensity does not decay. At 71.12 cm
away from the generator, the turbulence intensity is approximately equal to 7.4%. At x =
83.82 cm the turbulence intensity is approximately equal to 7.9%. Finally, at the last
point (x = 88.9 cm) the turbulence intensity decreases to 7.4%. Of all the previous studies
reviewed in this research project, only the experiments of Hollingsworth and Bourgogne
(1995) show no turbulence decay.

The turbulence intensity (TI) was calculated based on the local Turbulent Kinetic Energy
(TKE) and the mean velocity (U) by using the following equation:

= 2)v) + (w)

TI= 2X 100% (3.1)
U
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Figure 3.40: Turbulence intensity versus x-location downstream of the generator

Figure 3.41 shows the streamwise U velocity profile and Figure 3.42 shows the V and W
streamwise profiles. As it may be seen, U, V and W varied very little downstream of the
turbulence generator. Figure 3.43 shows the Reynolds normal stresses for the stream-wise
LDV profile, Figure 3.44 shows the Reynolds shear stresses for the streamwise LDV
profile, and finally, Figure 3.45, Figure 3.46 and Figure 3.47 show the triple products for
the LDV streamwise profile. The Reynolds normal and shear stresses, and the triple
products had a greater variation than the mean velocities due to the different turbulence
intensities at the different x-locations.

Isotropy is a very important issue in a free-stream turbulence study. Over the years, a
large number of experimental studies have been done in approximately isotropic
turbulence, and several aspects of the theory are based on those results. Ideally, in order

to have isotropic turbulence, u 2 has to be equal to v2 andw2 .

For a particular point of the present stream-wise profile being studied (x = 71.12 cm, y =

8 cm, and z = -2.985 cm), u 2 , v2 , and w2 are not equal, but fairly close. The turbulence
isotropy of the current data was tested by checking the state of the Reynolds-stress tensor
in terms of two invariants (ij and 4), and the eigenvalues of bij, where

( Iu~ 1 Uuj -(u 1 (TKE)s,ý
b~j= (u-•u 3 - 2T . According to Pope (2000) 'I and 4 are defined
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as follows: r = (4+ '122+1) , A = - 22 +22) , where X, and X2 are the

first two eigenvalues of the matrix bij. The b matrix for the point being studied was
determined to be the following:

0.0480 - 0.00300 -0.0367

b -0.00300 -0.0510 -0.0275

- 0.0367 - 0.0275 0.00303

And its eigenvalues were determined to be: X, = -0.0654, X2 = -0.00418, X3 = 0.0696.
Based on these eigenvalues, qI and 4 were found, where 'l = 0.0390 and 4 = 0.0212. To
determine if the turbulence is isotropic, the "Lumley triangle on the plane of the
invariants 4 and i1 of the Reynolds-stress anisotropy tensor" was used. Please refer to
Pope (2000) Figure 11.1 for the Lumley triangle. The point (i1,4)=(0.0390,0.0212) whose
values were determined above, lays inside the Lumley's triangle, close to the isotropic
line, therefore, the turbulence is nearly isotropic.
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Figure 4.48 is a plot of the Vq components versus x. Vq, or the transport of kinetic

energy relates the entrainment process to the diffusion. This variable is defined as

• U 2 i +v 2 j +w k
q q where,

-- U
3 

.+UV
2 _i ijW2  

-_ 2 22 -- = 2W. W.3_W
Uq22 Vq2 2 Wq2 2 ,andq 2 =TKE. As

V 2
it may be observed, the -q values of the transport of kinetic energy are negative meaning

q2

that the turbulent kinetic energy is diffusing towards the wall.
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Figure 3.48: Transport of kinetic energy - streamwise profile
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3.4.2 LDV velocity corrections

Based on the paper by Durst et al. (1992), the quantities U, u2 and u3 were corrected.

The following equations were used for the corrections:

-- .d 2 (d2U(y)"•

(U) = U(y) + 2d -) equation # 10 of Durst (1992)

(u2) = u-(y)+ d2-d-U(y)12 equation #12 of Durst (1992)
124, dy' )'1

(u3) =-(y) +dfd-u(y) d'U(y)+ d2  2-(y)
S2 2 24 2 #, equation #13 of Durst (1992)

Where, (U), (U2) and (Us) are the measured values and U(y), (y) and u3(y) are the true

values. The value for d (the measurement volume size) was determined from the u 2 data
(Figure 3.56) and was equal to 130 gim.

After the calculations were made, the corrected U values did look as good as the
uncorrected values when compared to the law of the wall in the sublayer. The corrected

results for u3 were extremely different than the values for the uncorrected u3 . The

corrected values of U2 seemed better than the uncorrected values. The LDV

measurements already have very small uncertainty, see section 3.6. The U and u3

corrections use second derivatives which seem to have larger uncertainties than the actual

measurements. The u2 correction only uses a first derivative, which seems to have a

small uncertainty since the corrected values of u2 looked better than the uncorrected
results.

Figure 3.18 shows the comparison of the corrected and uncorrected values of the mean U
profile for the case without high free-stream turbulence effects. Figure 3.19 shows the
comparison of the corrected and uncorrected values of the mean U profile for the case
with high free-stream turbulence effects. As discussed by Kuhl (2000) for LDV
measurements where 3-components (x, y, z) are measured, the velocity bias for these
measurements is equal to zero.
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3.4.3 Results for two-dimensional turbulent boundary layers

Two mean velocity profiles have been taken with the third generation of the CompLDV
system. The profiles were measured at x = 71.12 cm away from the turbulence generator
and z = -2.985 cm. One profile was subjected to high free-stream turbulence effects, and
will be from here after called "HFST". The second profile was taken without having the
turbulence generator in the test section, and will be from here after called "no HFST".

From the LDV profiles, Ue was determined to be equal to 27.88 m/sec for the no HFST
case, and 28.6 m/sec for the HFST case. The boundary layer thickness (8), the
displacement thickness (8*), the momentum thickness (0), the momentum thickness
Reynolds number (Reo) and the shape factor (H) were determined for both velocity
profiles. The values obtained were tabulated and are shown on Table 3.1.

Table 3.1 Boundary layer characteristics
No HFST HFST

Reg 7760 9864
Ue 27.88 m/sec 28.6 m/sec
8 39 mm 54 mm
8* 0.0072 m 0.006 m
0 0.0046 m 0.0057 m
H 1.304 1.26

For both profiles, the skin friction at the wall was determined from the viscous sublayer
and from the log layer, and those results were compared to the value obtained from the

skin friction relation given by Ludwieg and Tillmann (Cf = 0.123 x 10-°678H U ,

2 V)
Simpson, 1973). The viscous sublayer was matched to the fit equation U+ = A(y + Ay) +
B(y + Ay)4. For the no HFST profile, A was determined to be 57060/m, B was equal to
0.0001/m 4 and Ay was equal to 4.6 irn. For the IFST profile, A was determined to be
67990/m, B was equal to 0.0001/M 4 and Ay was also equal to zero. Based on these
values, the U, for the fit equation was found equal to 0.9435 m/sec for the no HFST case
and for the HFST case it was found equal to 1.06 m/sec.

As mentioned before, the skin friction was also deduced from the log layer. U, was

obtained from the - uv data (Ur =-uv), where for the no HFST case, U, was found

equal to 0.998 m/sec and for the HFST case, U, was found equal to 1.076 m/sec. All
these values compare well to the U, values obtained by using the Ludwieg and Tillmann
relation, specially the values for the turbulent boundary layer subjected to high free-
stream effects. The U, values obtained from Ludwieg and Tillmann for the no HFST case
and for the HFST case were 1.06 m/sec and 1.09 m/sec, respectively.
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For the high free-stream turbulence case, the U, value obtained from the semi-log layer

uv = U2) is within the estimated experimental uncertainty by Lowe (2006) considering

the number of data points available in the viscous sublayer and it resulted in the most
reasonable collapse of data with sensible values of the y-shift. Care was taken to find the
wall within a very low uncertainty, so the y-shift obtained from the viscous sublayer fit
was equal to zero, and the difference between the U, value obtained from the viscous

sublayer fit and the U, obtained from the semi-log layer (- uv = U2) was equal to 1.5%.

For the no high free-stream turbulence case, the U, value obtained from the viscous
sublayer for a y-shift of 4.6 gtm is 6 % different than the U, value obtained from the semi-
log layer. This profile had less number of points in the viscous sublayer when compared
to the high free-stream turbulence velocity profile. In the future, the position resolution
capabilities of the third generation CompLDV will result in more mean velocity
estimation points in the viscous sublayer.

To be consistent, the skin friction coefficient and U, values deduced from the semi-log
layer were used to normalize the data. The determined skin friction coefficient (Cf) values

are listed on Table 3.2. The skin friction coefficient (Cf, -C = V increased by 10.5%
2 Ue2

when comparing the no HFST case to the HFST case. The skin friction coefficient, as it
has been noticed by several authors, increases when the turbulent boundary layer is
subjected to high free-stream turbulence effects.

Table 3.2 S of skin friction results
I No HFST HFST

Ur, fit to viscous sublayer 0.9435 m/sec 1.06 m/sec

U1, v log 0.998 m/sec 1.076 m/sec

Ur, Ludwieg-Tillmann 1.06 m/sec 1.09 m/sec
Cf6 fit to viscous sublayer 0.00229 0.00275

Cf, log 1 0.00256 0.00283

Figure 3.51 shows the mean U velocity profile for the turbulent boundary layer subjected
to high free-stream turbulence effects. As explained previously, at this location, the
turbulence intensity was equal to 7.4%. Several authors in the past (Hancock and
Bradshaw, 1983 and 1989; Blair, 1983ab; Thole and Bogard, 1996) have stated that the
law of the wall is valid for the high free-stream turbulence cases, with the same constants
used for low free-stream turbulence cases. As noticed in Figure 3.51 the data match the
viscous sublayer fit very well and also matches the law of the wall very well, but with
different constants then those proposed by Coles (1968) for low free-stream turbulence

cases. The semi-log law of the wall is defined by: U' = jIn(y) + C. All the previous

authors in the literature with the exception of Stefes and Fernholz (2004) claim that the
law of the wall is valid and that the constants K = 0.41 and C = 5 work for the high free-
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stream turbulence cases. Based on the present data, the log law is valid but with different
constants that may depend on the free-stream turbulence intensity. Twelve data points
match the semi-log law of the wall with different constants (K = 0.45 and C = 6.8). Also,
the semi-log region is fairly large, going from y+ = 30 to y÷ = 1100.

30 . . Ii

-e- HFST Mean Velocity Profile
Viscous Sublmyer
Log-Law (K = 0.45, C = 6.8)

25

20

+:15
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10-
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y+

Figure 3.51: Mean velocity profile (HFST case)

Figure 3.52 shows the comparison between the mean U+ velocity profile for the turbulent
boundary layer subjected to high free-stream turbulence effects and the mean U+ velocity
profile for the turbulent boundary layer subjected to zero free-stream turbulence. As it
may be observed, the two profiles match very well in the viscous sublayer and for much
of the semi-log layer.

Figure 3.53 shows the comparison between the mean V/U, velocity profile for the
turbulent boundary layer subjected to high free-stream turbulence effects and the mean
V/Ut velocity profile without free-stream turbulence effects. The two profiles match very
well up to y+ = 30. The high free-stream turbulence profile grows and reaches a
maximum value of 0.95, while the profile not subjected to free-stream turbulence effects
remains low and has its maximum value at 0.3.

Figure 3.54 shows the comparison between the mean W/U, velocity profile for the HFST
case and for the no HFST case. As it may be noticed, for the no HFST case, W/U, is
negative with the exception of two points at y+ = 650 and y+ = 900. For the HFST case,
W/U, starts positive and has its maximum around 0.55 and at y+=800, it changes sign and
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becomes negative. The HFST case is clearly a more mean three-dimensional flow, so the
W/UR profile just reflects this feature.
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Figure 3.52: Mean velocity profiles
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Figure 3.53: V/U, comparison
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Figure 3.55: Flow angle comparison
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Figure 3.55 is a plot comparing the flow angles (tan'(W/U)) of both velocity profiles.
Please note that the two profiles have been rotated -0.76 degrees about the z-axis (pitch).
First, the profile subjected to no free-stream turbulence was rotated, until the mean V
velocities were equal or greater than zero, and the necessary rotation angle was found to
be -0.76 degrees. After the necessary rotation angle was found, the profile subjected to
high free-stream turbulence was also rotated -0.76 degrees about the z-axis. The flow
angle changes very little for both cases. For the no HFST case, the flow angle changed no
more than -0.5 degrees, while for the HFST case, the flow angle started at positive 2
degrees and ended at negative 1.2 degrees.

Figure 3.56 compares the values of Reynolds normal stress component u2 /U2 of both

profiles. As it may be observed, the two data sets only match up to y+ = 20. After that the

HFST case has higher values than the no HFST case. Also, for the no HFST case, u2 /U 2

approaches zero outside the boundary layer, while for the HFST case, u2 /U2 approaches

3. This same behavior is seen for the other Reynolds shear stress components (Figure
3.58 and Figure 3.60) with the normal stresses approaching the same value, therefore the
turbulence approaches isotropy.
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Figure 3.56: Reynolds normal stress component (u 2 )/(U,)2 comparison

The no free-stream turbulence data of Figure 3.56 was compared to the data of Byun et

al. (2004) Figure 7, where the maximum peak for (u 2 )/(U,)2 found in their data was
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around a value of 9. Figure 3.56 shows the peaks around 10 and that is due to the size of
"d" or the measurement volume size (refer to section 3.4.2 of this chapter), which was
determined to be 130 gim. In order to reduced those peaks to a value around 9, "d' would

have to be bigger than 130 gim, and that would cause the (u 2 )/(U,)2 values to become
negative, and that would be incorrect.

Figure 3.57 is a plot showing the difference between the two u 2 /(Uj) 2 data sets. The no

HFST case has slightly higher u2 /U2 near the wall than the HFST case, evidently due to

experimental uncertainties, and ends with lower u 2 /U2 near the freestream, as expected.

The difference between the two is believed to be due to inactive larger scaled non-shear-
stress producing motions.
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Figure 3.57: Difference between -7-subjected to HFST and -75" with no HFST

Figure 3.58 is a compares the values of the Reynolds normal stress component v2 of both
profiles. As it may be noticed, up to y+ = 100, the profile subjected to high free-stream
turbulence effects is unaffected, since it matches the profile with no high free-stream
turbulence very well. After y+ = 100, the no HFST profile goes towards zero and the
HFST profile approaches 2.2.

Figure 3.59 is a plot showing the difference between the two V
2 /(U,) 2 data sets. The

biggest difference between the two data sets is at y÷ = 2300, where the difference was
around 1.8. Also plotted in Figure 3.59 values determined from the Hunt and Graham
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(1978) Reynolds normal stress component v2 difference model. Hunt and Graham's
experiments had grid turbulence convected by the free-stream past a rigid surface that
was moving at the same velocity as the free-stream with no inviscid rotational flow field
being created.
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Figure 3.58: Reynolds normal stress component (v 2 )/(U,)2 comparison

The Hunt and Graham (1978) model poorly predicted u2 and w2 profiles but showed
reasonable trends for a turbulent free-stream and moving boundary. The v2 profile for the

v 2 Y3 ~ n s g v e n T b e 3 3

von Kdrmdn spectrum is given as: = (L)+ = rXand is given in Table 3.3.

The model does not agree well for the present data. Only two out of the four points tested
matched the actual data. Therefore, the Hunt and Graham model is not valid for all
Reynolds numbers and turbulence intensities.
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Table 3.3 Data of Hunt and Graham (1978)
-- +

v, r y
2

1.0 1.0 5000
0 0.9

0.802 0.8 4000
0.7

2.711 0.6 3000
0.5

0.543 0.4 2000
0.3

0.342 0.2 1000
0.215 0.1
0.136 0.05
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Figure 3.59: Difference between vT subjected to HFST and -with no HFST

Figure 3.60 compares the values of the Reynolds normal stress component w2 /(U,)2 of

both profiles. The W2 /(U,) 2 for the HFST case approaches 2.7, while the W2 for the no

HFST case approaches zero. Figure 3.61 shows the difference between the two w 2 /(U,)2

data sets. As observed w2 /(U,) 2 for the HFST turbulence is always higher than the

w /(U,)2 for the velocity profile not subjected to high free-stream turbulence.
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Figure 3.62 compares the values of the Reynolds shear stress component -uv / U' of

both profiles. As it may be noticed, up to y+ = 150, the profile subjected to high free-
stream turbulence effects is unaffected, since it matches the profile with no high free-
stream turbulence very well. After y+ = 150, there is a bigger difference between the no
HFST data and the HFST data. As shown in Figure 3.63 the difference grows to a
maximum of negative 1. The free-stream turbulence and the boundary layer turbulence
generated near the wall are not coherent and are at different streamwise wavelengths,
therefore there is only very small interaction and effect on the Reynolds-averaged ergodic
statistics. Due to the nature of the turbulent-non-turbulent interface and on the
entrainment process, only the high free-stream turbulence intensities with comparable
wavelengths to those being produced by the boundary layer show non-linear interactions
and affect the Reynolds-averaged behavior.

- uv = U'f (y+) + VH2Fsrg(y / Lms) (3.2)

Uncorrelated Freestream Structure

Thus, the wall generated turbulence scales on wall variables and should be described by
(U,) 2f(y+), while the high free-stream turbulence outer region flow is dominated by large
motions that scale on LFS and are damped by the g(y/LFS) function.
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Figure 3.60: Reynolds normal stress component (w- )/(U,) 2 comparison
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Figure 3.62: Reynolds shear stress component (uvv)/(Uv)2 comparison
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Figure 3.64 compares the values of the Reynolds shear stress component Uw/(U,)2 Of

/(0.9 / (U)

both profiles. The w/U 02 values for the HFST case are much higher than the u"/UW )

values for the no HFST case because of the greater mean three-dimensional effects on the
flow. And also, the data for the HFST case approaches 0.3, while the data for the case

with no free-stream turbulence effects approaches zero.

Figure 3.65 compares the values of the Reynolds shear stress component Vw/(U,)
2 of

both profiles. Up to about yv = 30, the T /(Uc)2 is unaffected by the high free-stream

turbulence and the three-dimensional effects appear to be small within experimental.
After y+ = 30, the data for the high free-stream turbulence case grows positive and the

data for the case not subjected to free-stream turbulence grows negative.

Figure 3.66 compares the shear stress angle (tan shea(w/uv)) for the two cases. Up to y+ o

100, the shear stress angles of both profiles, seem very close and near zero. After that the

shear stress angle for the no HFST case stays positive and increases to a maximum of 90

degrees. The shear stress angle for the HFST case goes negative and stays negative until
around y+ = 4200; after that it changes sings and jumps to around 89 degrees. The jumps
for the two sets of data are due to three-dimensional effects.
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Figure 3.65: Reynolds shear stress component (Vw)/(U,) 2 comparison
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Figure 3.66: Shear stress angle comparison

Figure 3.67 compares the values of the triple product u3 /(U,) 3for both profiles. Both
profiles agree very well up to y+ = 200, which means that the profile subjected to high
free-stream turbulence effects is unaffected by the free-stream up to y+ = 200. The

u 3 /(U,)3 for the no HFST case approaches zero at y+ = 5000, while the u 3 /(U,) 3 for the
HFST case approaches -7, which is believed to represent that the turbulent diffusion from
the freestream is strong and toward the wall.

Figure 3.68 compares the values of the triple product V3 /(U,)3 for both profiles. The

v3 /(U,) 3 for the no HFST case approaches negative 1 at y÷ = 5000, while the v3 /(U,)3for
the HFST case approaches negative 1.5, this suggests that the sweeps from the free-
stream are dominant.

Figure 3.69 compares the values of the triple product w3 /(U,) 3 for both profiles. The

w3 /(U,) 3 for the no HFST case approaches 1.5 at y÷ = 5000, while the w3 /(U,) 3 for the
HFST case approaches 3.5, which is due to three-dimensional effects.
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Figure 3.68: Triple product (v3 )/(U,)3

67



3.5

3-

2.5-

2-

0.5 ?

-0.5
p Ai

"1(f 10, 10, 10,
y*

Figure 3.69: Triple product (w 3 )/(U,)3

Figure 3.70 compares the values of the triple product u 2v /(U,) 3 for both profiles. For the
no HFST case, the data set agrees approximately with the measurements of Byun et al.
(2004), while for the HFST case, the data start high, at 14, has a maximum at 19 and then

drop below zero. When u2v /(U,)3 is negative it indicates large entrainment of the free-

stream u2 /(U) 2.

Figure 3.71 compares the values of the triple product u 2 w/(U,) 3 for both profiles. The

u 2 w/(U,)3 for the no HFST case is about zero as it should be for a two-dimensional flow,

while the u 2 w/(U,)3 for the HFST case approaches negative 1.5. A similar pattern is

noticed for the triple product uv 2 /(U,) 3 (Figure 3.72). The uv 2 /(U,) 3 for the no HFST

case approaches zero at y÷ = 5000, while the uv 2 /(U,) 3 for the HFST case approaches
negative 2.5.

Figure 3.73 compares the values of the triple product uw 2 /(U,) 3 for both profiles. The
two data sets have about the same negative slope for y+ > 20, with the profile subjected to
high free-stream turbulence has higher values than the profile subjected to no free-stream

turbulence. The uw2 /(U,) 3 for the no HFST case approaches zero at y+ = 5000, while for

the HFST case uw 2 /(U,) 3 approaches -3, indicating the dominance of "ejection" type
(u<0,v>0) motions.
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Figure 3.70: Triple product (u 2v)/(UT)3
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Figure 3.71: Triple product (u 2 w )/(U,)3
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Figure 3.74 compares the values of the triple product v2w/(U,)3 for both profiles. The
average magnitude of v2w /(U,) 3 for the no HFST case is higher than the average
magnitude of v2w /(U,) 3 for the HFST case, where at y÷ = 5000, v2w /(U,) 3 approaches
0.6 for the HFST and 1.2 for the no HFST case.

Figure 3.75 compares the values of the triple product vw2 /(U,)3 for both profiles. The

two data sets follow each other closely up to y÷ = 100. After that, vw2 /(U,) 3 stays
positive for the most of the HFST data set and then drops below zero, while vw 2 /(U,)3
remains negative for the no HFST case. This indicates that in the outer region "ejection"
type motions (u<0,v>0) are dominant in the HFST case while "sweeping" type motions
(u>0,v<0) are dominant in the low free-stream case.

Figure 3.76 compares the values of the triple product uvw/(U,) 3 for both profiles. Both
data sets lay between ±0.2 and are fairly close to each other. The uvw/(U,) 3 for the no
HFST case approaches zero, while the uvw/(U,) 3 for the HFST case approaches negative
0.9.
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Figure 3.74: Triple product (v 2w )/(U,)3
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Figure 3.77 shows the shear stress parameter (l/S) comparison between the high free-
stream turbulence profile and the no free-stream turbulence profile. This 1/S parameter
shows the relationship between the active motions that produce v2 to the active motions
that produce the shearing stresses. Inactive motions that do not produce shearing stresses
are not contained in this parameter. As it may be seen, the free-stream turbulence has a
minor effect on the shear stress parameter. The 1/S parameter for this figure was

1 ~2 + (_;)2
determined using the following equation: - =

S v2

Figure 3.78 shows the shear stress parameter (1/S) calculated two different ways for the
profile subjected to high free-stream turbulence. The line with the circles represents the

I (V) 2 + (_w) 2
equation - = - - and the line with the upside-down triangles represents

S 2I UV
the equation - -v . As it may be observed, - vw has almost no impact on the shear

S V2

stress parameter for values at y+ > 40.
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Figure 3.77: Shear stress parameter (I/S) comparison
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Figure 3.78: Shear stress parameter (I/S), HFST only

Figure 3.79 represents the production rate term for the Reynolds normal stress u I/(U,)2.
As it may be observed, there is almost no difference in production. The only difference is
that the no HFST case has a slightly higher peak than the HFST case, which probably is
due to experimental uncertainty. This aspect was also noted by Stefes and Fernholz
(2004).

Figure 3.80 represents the production term for the Reynolds shear stress -uvv/(UV) 2. This
Figure shows that the production of the shear stress behaves similarly to the production of
the normal stress. The peak of the HFST case is also slightly lower than the peak of the
no HFST case, again probably due to experimental uncertainties.

The total shear stress profile (Figure 3.81) is fairly constant around 1. There are some
discrepancies near the wall that cannot be justified. Those values should have been
around 1 and they are slightly higher, reaching values up to 1.3.

74



0.35 --v- no HFST
--9 HFST

0.3

0.25

0.2

j0. 15

0.1

0.05

0-

-0.05 .

"I00  101 102 10s i 4
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1 -uv

Figure 3.82 is a plot of the shear stress parameter (l/S) calculated as: S *
S V

compared to a ratio denominated A/B. A/B is defined as follows:

(-UV HFST rUVnoHFST

A _HFST r noHFST
A= ro . The shear stress parameter (lI/S) and the A/B ratio have

B 2HFST V2 noHFST

r THFSTJ r\ UToHFSr)

a similar slope for y+ < 40 and for y+ > 300. For the range 40 < y+ < 300 the A/B ratio
jumps up quite a bit when compared to the 1/S parameter.

Figure 3.83 shows the transport of kinetic energy. The equation that defines Vq was

given earlier in this chapter in section 3.4.1. As observed, most of the vector components

- V 2

of Vq are close to zero. The q values of the transport of kinetic energy for the HFSTq 2

case are negative meaning that the turbulent kinetic energy is diffusing towards the wall,
and the same is true for the low free-stream turbulence case.
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3.4.4 Spectra, integral time scale, integral length scale,
dissipation rate and microscales

Spectral data for two points were measured with the third generation CompLDV. One
point was located in the boundary layer at y = 50 mm and the other point was located in
the freestream at y = 65 mm. The autocorrelation was determined by using the slot
correlation technique (Benedict et al., 2000) and is shown in Figure 3.84. Seeding
particles cause no velocity filtering and the slot correlation suffers no aliasing because it
uses the true (unfiltered) inter-arrival time and velocities to compute the correlation. For
more details about the slot correlation technique refer to Benedict et al. (2000). Integral
time scales were determined from the autocorrelation by using the following relation:

S= f R, (r)dr . The integral length scales for the two points (y = 50 mm and y = 65

mm) were determined from the calculated integral time scales and mean velocities by
using Taylor's hypothesis by the relation: L.. = (U)(T,).

Table 3.4: Integral time scales and integral length scales
y = 50 mm (BL) y = 65 mm (FS)

Integral Time Scale 7.62x10' seconds 6.93x10 4 seconds
Integral Length Scale 21.3 mm 19.7 mm
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Figure 3.84: Measurements of the longitudinal velocity autocorrelation
versus time delay, y = 50 mm (in the boundary layer)
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The longitudinal velocity autocorrelation function [f(r)] is the autocorrelation coefficient

(R,,) normalized by the u fluctuation squared (u2 ). Normally, the r value is the distance
between two measurement probes, but in this experiment, only one probe was used,
therefore in order to obtain r, Taylor's hypothesis was used to transform the time delay
into a spacing value (r) by multiplying the time delay scale by the local velocity. Figure
3.85 shows the measurements of the longitudinal autocorrelation function for y = 50 mim.
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Figure 3.85: Measurements of the longitudinal velocity autocorrelation
function [f(r)], y = 50 mm (in the boundary layer)

Figure 3.86 shows the spectral data obtained for y = 50 mm. As it may be observed, there
exists a small f -1 region and a large f -5/3 region. Figure 3.87 shows the autocorrelation
measurements for y = 65 mm and Figure 3.88 shows the measurements of the
longitudinal autocorrelation function also for y = 65 mm. Figure 3.89 shows the spectral
data obtained for y = 65 mm. As observed in this figure, there exists a small f -1 region
and a large f 513 region as for the y = 50 mm case.
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Figure 3.86: Spectral data (G,,, G, Gw,), y = 50 mm (in the boundary layer)
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Figure 3.87: Measurements of the longitudinal velocity autocorrelation

versus time delay, y = 65 mm (in the freestream)
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Figure 3.88: Measurements of the longitudinal velocity autocorrelation
function [f(r)], y = 65 mm (in the freestream)
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Figure 3.89: Spectral data (G,,u, Gv, Gww,), y =65 mm (in the freestream)
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Two model spectra were used to analyze the measured spectral data. The models used
were the Pope's model spectrum and the von Kdrmrn's model spectrum. For more details
refer to Pope (2000, pp. 232-235). Both models used the same equations that are
presented below, but with different variables. Some of these variables were obtained from
Pope (2000) and other variables were calculated with equations that are shown below.

The model for the energy-spectrum function is given by equation 3.3. According to Pope
(2000) C = 1.5 and C,, = 0.40. And according to Saddoughi and Veeravalli (1994) f3 =

5.2.

E(c) = Ce 3K 3 fL (OL)f, (Orq) (3.3)

where fL(xL)= K and f, = exp{-fl{[(Kr) 4 + ] -C}}

Equation 3.4 is Pope's (2000) equation 6.250, which is only valid for high Reynolds
numbers. The integral in this equation is used to obtain CL for each model spectrum being
studied here. For the Pope's model spectrum, P0 in equation 3.3 is equal to 2 and equal to
4 for the von Kirmdn's model spectrum.

q = C(-L)Y f (kL)-Y fL (KL)d(xL) (3.4)

The following set of calculations was used to determine CL for the Pope's model
spectrum using P0 = 2:

-( k Y3 fL(i&)d(cL) (AL) j d(KL)•(L)•f(•d•) ••)•[(XL)2 + CL ]Y

If ,L = x then:

S÷qdx = __x______
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I (1"262 Cjj substituting C = 1.5, then CL = 6.783 for the Pope's model spectrum.

The following set of calculations was used to determine CL for the von K•rmin's model
spectrum using P0 = 4:

f(kL)-Y fL ((d)d = ).) - f ) (A , d(KL)

If rL = x then

KL _Y3(X)3 x - dx= [(X 2 .7 dx[(AL)L + CL + [](X) 2 +CL [Yx) +L c 6

2__ __ _ 3v'F ~

x 3-)/3' 1

CL C3 = 3.715 for the von KArmdn's model spectrum

Figure 3.90 and Figure 3.92 show the measurements of one-dimensional longitudinal
velocity spectra compared to the Pope's model spectrum at y = 50 mm (located in the
boundary layer) and y = 65 mm (located in the freestream) respectively. Figure 3.91 and
Figure 3.93 show the measurements of one-dimensional longitudinal velocity spectra
compared to the von K.rmnn's model spectrum at y = 50 mm (located in the boundary
layer) and y = 65 mm (located in the freestream) respectively. By observing these four
figures, it looks like the von Kirmin model spectrum fits the spectral data better than the
Pope's model spectrum, specially for the spectral data at y = 50 mm (in the boundary
layer). Also, the correlation coefficient between the spectral data and Pope's spectrum,
and the correlation coefficient between the spectral data and the von Kdrnmn spectrum
were determined. At y = 65 mam, the correlation coefficient between the spectral data and
the Pope's spectrum was equal to 0.9969, while the correlation coefficient between the
spectral data and the von Kdrrnim spectrum was equal to 0.9986. At y = 50 mm, the
correlation coefficient between the spectral data and the Pope's spectrum was equal to
0.9875, while the correlation coefficient between the spectral data and the von KArmdn
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spectrum was equal to 0.9904. Therefore, for both points the von K6.rm4n spectrum fits
the spectral data better than the Pope's spectrum.
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Figure 3.90: Measurements of one-dimensional longitudinal velocity spectra (diamonds)
compared to the Pope's spectrum (solid line), y = 50 mm (in the boundary layer)
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Figure 3.91: Measurements of one-dimensional longitudinal velocity spectra (diamonds)
compared to the von K.rmin's spectrum (solid line), y = 50 mm (in the boundary layer)
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Figure 3.92: Measurements of one-dimensional longitudinal velocity spectra (diamonds)
compared to the Pope's spectrum (solid line), y =65 mm (in the freestream)
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Figure 3.93: Measurements of one-dimensional longitudinal velocity spectra (diamonds)
compared to the von Kprmen's spectrum (solid line), y = 65 mm (in the freestream)
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Based on the Pope's and von Kfrmfn's model spectrum, the dissipation rate (C) and
dissipation length parameter (L) were estimated. For the spectral data at y = 50 mm (in
the boundary layer) the estimated values were E = 161 m /sec 3, L = 0.0513 m and rI =
6.97x10s m using the Pope's model spectrum, and E = 146 m2/sec 3, L = 0.0567 m and rl
= 72x10 6 m using the von Kirmhn's model spectrum. For the spectral data at y = 65 mm
(in the freestream) the estimated values were c = 128 m2/sec3, L = 0.0498 m and ril =
73.8x106 m using the Pope's model spectrum, and c = 115 m2/sec 3, L = 0.0555 m and 71
= 75.9x10-6 m using the von Kfrmdn's model spectrum.

The dissipation length parameter (L) characterizes the large turbulent structures. At high
Reynolds number, there exists an intermediate length scale (k) between ril and L, known
as the Taylor scale lengthscale. According to Pope (2000) the Taylor scale does not have
a physical interpretation, but it is commonly used by several authors in order to report
experimental or computational results. The Taylor scale Reynolds number is defined by

Rt = U- where ?, is defined by A - . Based on the previous results obtained in
V U'

this chapter, X and Rex were calculated. Table 3.5 summarizes the results obtained for the
dissipation rate (c), dissipation length parameter (L), Kolmogorov length scale (ii)
Taylor length scale (k), and Rex.

Table 3.5 Summary of spectral results
Von Kfirmhn's Von K firmn's

Pope's spectrum Pope's spectrum spectrum spectrum
y -- 50 mm y -- 65 minsetumsetu y = 50 mm Y = 65 mm

E 161 m2/sec3  128 m2/sec3  146 m /sec' 115 m2 /sec3

L 0.0513 m 0.0498 m 0.0567 m 0.0555 m
71 69.7x10T6m 73.8x10-6 m 71.4x106 m 75.9x10-6 m
X 0.0022 m 0.0022 m 0.0023 m 0.0023m

Rex 261 222 274 234

Due to the measurement techniques used in the previous published studies, those authors
could not directly determine the turbulent kinetic energy (TKE) value, so in order to

calculate the free-stream turbulence intensity, only u2 was taken in consideration. In the
present study 3-components were measured, therefore, the TKE value could be directly
determined, and the free-stream turbulence intensity was calculated based on the TKE.

The Hancock-Bradshaw-Blair parameter (HBB) was determined twice for the point y =
65mm. One based on the results obtained from the Pope's spectrum and another one
based on the results obtained from the von KArmdn's spectrum.
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As previously discussed, the HBB parameter is obtained from the following relation:

HBB = TI(%) . For the determined turbulence intensity of 6.49%,

based only on the u 2 , and not on the TKE, and using the results obtained from the
Pope's spectrum, the HBB was determined to be equal to 2.22. Also, for the determined
turbulence intensity of 6.49% and using the results obtained from the von Kgrmrn's
spectrum, the HBB was determined to be equal to 2.14.

The change in the skin friction coefficient between the profile subjected to high free-
stream turbulence and the profile with zero free-stream turbulence was shown earlier to
be 10.5%. This ACf/Cfo and the HBB parameters correlate very well with the corrected
data of Stefes and Fernholz presented in Section 3.5 of this chapter; refer to Figure 3.97.

3.5 Data correction of previously published data

During the literature review process, the data and assumptions from several previous
works were examined. It appears that the results of Stefes and Fernholz (2004) need some
corrections. There was some circular reasoning used to deduce the skin friction from
measurements. The authors assumed that the Preston tube calibrations that were used for
skin friction measurements were valid, even though this technique implicitly assumes the
Law of the Wall with particular constants. Therefore, the U, obtained from the Preston
tubes gives results consistent with the semi-log Law of the Wall with particular constants.
As discussed below, this resulted in the U, value obtained by the authors being slightly
higher than what it should be.

A second error encountered was that the authors appear to have not corrected the mean
velocity data near the wall obtained with a single hot-wire probe for the wall blockage
effect. Based on the corrections given by Bhatia, Durst and Jovanovic (1982) for near
wall hot-wire measurements, the data were corrected and re-plotted. Also, the correct U,
was determined by a fit of the viscous sublayer data for y+<9 to U+ = y+ - 0.0001y+4.
Figure 3.94 and Figure 3.95 represent the reconstruction and correction of Figure 9 of
Stefes and Fernholz (2004). Their experimental data and U- versus y÷ plots were
corrected. As illustrated in Figure 3.94, after the correction, the slope of the near wall
hot-wire data matches the slope of the Law of the Wall in the sublayer. Also it may be
observed in Figure 3.94, that the semi-log law does have different constants (K and C).
Stefes and Femholz (2004) showed in their paper that the Coles (1968) constants (1K =
0.41 and C = 5) do not hold for two-dimensional data subjected to high free-stream
effects. After the corrections were made to their data, the constants were determined to be
Kc = 0.41 and C = 7.1 (Figure 3.95). Based on Stefes and Fernholz (2004) data and based
on the experimental data of the present study, the semi-log law of the wall is valid, but
with constants that may depend on the free-stream turbulence intensity.
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A third and final error was found on Stefes and Fernholz (2004) Figure 8. Due to the use
of larger estimates of U, their ACf/(Cf at tubulence intensity = 00/.) ratio was shifted up, with the
data values were starting at a ACd(Cfat turbulence intensity = 0%) equal to 0.1 at low HBB values.
Figure 3.96 represents the reconstruction of their data, and the solid trend-line was
inserted to show that the ratios do not start at zero. The corrected U, value was used to
correct the ACP'(Cf at turbulence intensity = 0%) ratio. Figure 3.97 shows the correction of Figure 8
of Stefes and Fernholz (2004), including the negative region of the plot at low HBB. This
was also observed by Hoffmann and Mohammadi (1991, Figure 4), on previous data sets
of other authors, therefore, the correction of Stefes and Fernholz (2004) Figure 8 is
assumed here to be correct.

t.3w (- ., M I S Fm I 4••)

+ C .O45 (@C5WIr an M" *at 1"70 j
2O-

Re# 17'32

1du W 19' 10

10]

oft

Figure 3.94: Reconstruction and correction of sublayer data from
Figure 9 of Stefes and Femholz (2004)
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Figure 3.95: Reconstruction and correction of U, for data of
Figure 9 of Stefes and Fernholz (2004)
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Figure 3.96: Reconstruction of Figure 8 of Stefes and Fernholz (2004)
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Figure 3.97: Correction of Figure 8 of Stefes and Femnholz (2004) using corrected
U, values from the viscous sublayer.
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3.6 Uncertainty analysis of the LDV data

The uncertainty estimates presented in this section were obtained using measured
quantities from two data sets obtained on different days with the high free-stream
generator in use. Besides determining the uncertainty, this is also a good way of
determining repeatability. The uncertainties are estimated at 20:1 odds (or 1.960). Please
note that these uncertainty values reflect uncertainties due to the experiment and flow
setup combined.

Table 3.6 Uncertain estimates for LDV measurements

0.020802 1.38E-05
Ue _U:e

6 0.004886 W5.96E-05Ue U3  .6E0
e

0.010387 2 V2.51E-05
Ue Ue

6u2  Su~w
0.001525 U3  
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e e
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2  UV2
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Suw vW 2
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Svw Suvw

0.000111 
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Chapter 4 Conclusions
The objectives of this research project were to contribute to the expansion of the high
free-stream turbulence database, to provide experimental data that will help on the
improvement and validation of turbulence models, and to characterize the flow in the
Aerospace and Ocean Engineering Boundary Layer Wind Tunnel with a high freestream
turbulence (HFST) generator, which will be used in HFST studies around three-
dimensional bodies.

All work presented in this thesis was on nominally two-dimensional turbulent boundary
layers at zero pressure gradient. High free-stream turbulence studies on three-dimensional
boundary layers will be done in the future and may be found in Lowe (2006). The future
three-dimensional study will simulate the flow around one turbine blade, where a
wing/body junction (see Figure 1.2) will be used. The wing/body junction creates a three-
dimensional pressure driven flow, which simulates exactly the flow around a turbine
blade, which contains three-dimensional separation upstream of the blade and the
formation of chaotic horseshoe vortex structures that wrap around the blade (Simpson,
2001).

In order to satisfy the objectives, an active turbulence generator was used to create high
free-stream turbulence in the boundary layer wind-tunnel, a seven-hole pressure probe
was used to make mean velocity measurements, and a state of the art laser-Doppler
velocimetry system was used to make mean and fluctuating velocity measurements. A
turbulence intensity of 20% was desired, but the turbulence generator could not generate
turbulent intensities higher than 7.9% due to limitations of the pressure regulator and air
supply.

During the turbulence generator's testing phase, it was determined from the seven-hole
pressure probe plane measurements, that the bottom row of jets (coflow and counterflow
jets) of the turbulence generator were excessively speeding up the flow, making the
boundary layer more three-dimensional. After some test cases, it was decided that the
bottom row of coflow jets needed to have their diameters reduced by one half, and the
bottom row of counterflow jets needed to be closed. In the region where the LDV
measurements were made the spanwise variation of the mean velocity was less than 2%.

For the first time, due to the technology available for this experiment, the skin friction
coefficient (Cf) was deduced from the viscous sublayer, whereas in most of the previous
published studies the authors assumed a semi-log layer with low free-stream turbulence
constants to obtain the skin friction. The difference between the U, obtained in the
viscous sublayer mean velocity profile and the U, obtained in the semi-log layer from

- uv=Ur was 1.5%.

Previous high free-stream turbulence studies were reviewed and discussed, where some
of the previously published data of other authors have been corrected. Based on the
measurements obtained with the LDV, the high free-stream turbulence was determined to
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be nearly isotropic, and the turbulent kinetic energy was diffusing towards the wall.
When a velocity profile subjected to no free-stream turbulence was compared to a

Vq2
velocity profile subjected to high free-stream turbulence, it was observed based on q

q2
that for both profiles the turbulent kinetic energy was diffusing towards the wall. The
skin friction coefficient increased 10.5% due to the high free-stream turbulence and this
change agrees with the data of Stefes and Fernholz (2004). It was also determined that the
semi-log law of the wall is valid for high free-stream turbulence cases, but with different
constants than the ones proposed by Coles (1968), where the constants for the high free-
stream cases may be dependent on the turbulence intensity. For the present data, the
constants were determined to be K = 0.45 and C = 6.8.

Spectral data obtained with the LDV, were compared to the von Kdrmdn model spectrum
and to the Pope's model spectrum (Pope, 2000). Both model spectra fit the spectral data
very well, but the von KMrmin model spectrum had a higher correlation value with the
spectral data than the Pope's model spectrum. Finally, the ACP1Cfo versus Hancock-
Bradshaw-Blair parameter obtained for this experiment agreed very well with previously
published data.
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